A satellite image time series (SITS) contains a significant amount of temporal information. By analysing this type of data, the pattern of the changes in the object of concern can be explored. The natural change in the Earth's surface is relatively slow and exhibits a pronounced pattern. Some natural events (for example, fires, floods, plant diseases, and insect pests) and human activities (for example, deforestation and urbanisation) will disturb this pattern and cause a relatively profound change on the Earth's surface. These events are usually referred to as disturbances. However, disturbances in ecosystems are not easy to detect from SITS data, because SITS contain combined information on disturbances, phenological variations and noise in remote sensing data. In this paper, a novel framework is proposed for online disturbance detection from SITS. The framework is based on long short-term memory (LSTM) networks. First, LSTM networks are trained by historical SITS. The trained LSTM networks are then used to predict new time series data. Last, the predicted data are compared with real data, and the noticeable deviations reveal disturbances. Experimental results using 16-day compositions of the moderate resolution imaging spectroradiometer (MOD13Q1) illustrate the effectiveness and stability of the proposed approach for online disturbance detection.
Introduction
In recent years, the analysis of long time-series remote sensing data has attracted extensive attention from researchers who use multitemporal remote sensing images to construct time series and perform change detection using time series analysis methods [1] . Time series analysis is an important direction of data mining research and has been successfully employed in many fields, such as economics, medicine, meteorology, voice recognition and video analysis [2] [3] [4] [5] [6] . In the field of remote sensing, researchers worldwide have employed satellite image time series (SITS) in the dynamic monitoring of natural phenology, landscapes, disasters, agriculture, and other areas [7] [8] [9] [10] .
Based on their objectives, SITS change detection techniques can be grouped into two categories [11] : (1) methods oriented to detect land cover/use types change and (2) methods oriented to detect anomalous information due to sudden and unexpected events. The latter is used for detecting sudden changes, also called disturbances [12] , caused by sudden and unexpected events (for example, deforestation, fires, plant diseases, and insect pests). Disturbance detection relies on detecting the anomalies in the time series curve. According to the timeliness, there are two types of methods used for detecting anomalous information in time series [13] : offline detection and online detection. Offline Figure 2a shows the image of the forest farm before the fire. Figure 2b provides an image of the forest farm approximately one month after the fire occurred with distinct fire marks. Figure 2c shows an image of the forest farm approximately five months after the fire occurred. The colour differences of these images are caused by the differences in imaging conditions (for example, atmospheric condition, solar elevation angle, viewing angle). The images shown in Figure 2 illustrate the process of the forest fire. Serious damage was caused by the fire, and vegetation recovered rapidly after the forest fire.
The experimental data of this forest fire to test our framework is generated from a moderateresolution imaging spectroradiometer (MODIS) land product, MOD13Q1. This product is a 16-day composite data of max vegetation index, with spatial resolution of 250 m. In this study, 207 MOD13Q1 images are used for the period from 1 January 2001 to 31 December 2009 (23 images per year), the tile of h26v04. The global environment monitoring index (GEMI) [33] was calculated using these data. All data were converted to World Geodetic System 84 ellipsoid projections in the 52 N zone in the Universal Transverse Mercator coordinate system. By stacking these images, each pixel in the time axis contains a GEMI time series with 207 time steps. We implement the LSTM-based disturbance detection algorithm on each time series, and a spatial result (burned area map) is generated from pixel-by-pixel detection. Figure 2a shows the image of the forest farm before the fire. Figure 2b provides an image of the forest farm approximately one month after the fire occurred with distinct fire marks. Figure 2c shows an image of the forest farm approximately five months after the fire occurred. The colour differences of these images are caused by the differences in imaging conditions (for example, atmospheric condition, solar elevation angle, viewing angle). The images shown in Figure 2 illustrate the process of the forest fire. Serious damage was caused by the fire, and vegetation recovered rapidly after the forest fire.
The experimental data of this forest fire to test our framework is generated from a moderate-resolution imaging spectroradiometer (MODIS) land product, MOD13Q1. This product is a 16-day composite data of max vegetation index, with spatial resolution of 250 m. In this study, 207 MOD13Q1 images are used for the period from 1 January 2001 to 31 December 2009 (23 images per year), the tile of h26v04. The global environment monitoring index (GEMI) [33] was calculated using these data. All data were converted to World Geodetic System 84 ellipsoid projections in the 52 N zone in the Universal Transverse Mercator coordinate system. By stacking these images, each pixel in the time axis contains a GEMI time series with 207 time steps. We implement the LSTM-based disturbance detection algorithm on each time series, and a spatial result (burned area map) is generated from pixel-by-pixel detection. 
Methodology
In the following, we introduce the LSTM firstly (Section 2.2.1). Based on LSTM networks, our framework for online disturbance detection involves training (Section 2.2.2), prediction (Section 2.2.3), and detection (Section 2.2.4).
Long Short-Term Memory (LSTM)
Compared to the conventional deep neural network, an improvement of RNN is that it treats the hidden layers as successive recurrent layers (Figure 3, left) . This structure can be unfolded to produce the outputs of a neuron component sequence at discrete time steps corresponding to the input time series (Figure 3, right) . With this architecture, RNN has a strong capability of capturing the historical information embedded in the past elements of the input for an amount of time [24] . Figure 3 shows the diagrammatic sketch of an RNN. The process of carrying memory forward can be described mathematically: 
Methodology
Long Short-Term Memory (LSTM)
Compared to the conventional deep neural network, an improvement of RNN is that it treats the hidden layers as successive recurrent layers (Figure 3, left) . This structure can be unfolded to produce the outputs of a neuron component sequence at discrete time steps corresponding to the input time series (Figure 3, right) . With this architecture, RNN has a strong capability of capturing the historical information embedded in the past elements of the input for an amount of time [24] . 
Methodology
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where x t is an input vector, h t−1 is the previous hidden state in RNN, h t is the hidden state corresponding to x t , o t is the output vector, W, U, and V are the weight matrices, b denotes bias vector, and σ is an activation function. The architecture of RNN makes it good at making predictions for the next time step in a time series based on the input data at the current time step. However, it is challenging to train the RNN using backpropagation for long time series. The growth or shrinkage of the backpropagated gradients at each time step can accumulate. This accumulation causes gradients to explode or vanish over many time steps [24] . Long short-term memory is introduced to overcome this challenge to ensure the RNN has long-term memory ability [25] . Long short-term memory allows the network to capture information from inputs for a long time using a special hidden unit, called the LSTM cell, instead of a simple RNN unit (the green node h shown in Figure 3 ) in the hidden layer.
In this study, we use the LSTM cell as described in [34] . The structure of an LSTM cell is shown in Figure 4 . It contains forget gate (f t ), input gate (i t ), input modulation gate (m t ), output gate (o t ), memory cell (c t ), and hidden state (h t ). The gates are computed by:
where x t is an input vector, h t−1 is the previous hidden state in LSTM network, W and U are the weight matrices, σ is the logistic sigmoid function, tanh is the hyperbolic tangent function and b is the bias vector. From these gates, the memory cell (c t ) and hidden state (h t ) are calculated as:
where "·" means pointwise multiplication of two vectors. The memory cell (c t ) contains two parts:
(1) the information of the previous memory cell (c t−1 ) modulated by the forget gate (f t ), (2) the information of the current input (x t ) and previous hidden state (h t−1 ) modulated by the input modulation gate (m t ). The forget gate (f t ) allows the LSTM to selectively forget its previous memory (c t−1 ). The input gate (i t ) controls the LSTM to consider the current input. The input modulation gate (m t ) modulates the information of the input gate (i t ). The output gate (o t ) controls the memory cell (c t ) to transfer to the hidden state (h t ).
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where "·" means pointwise multiplication of two vectors. The memory cell (ct) contains two parts: (1) the information of the previous memory cell (ct−1) modulated by the forget gate (ft), (2) the information of the current input (xt) and previous hidden state (ht−1) modulated by the input modulation gate (mt). The forget gate (ft) allows the LSTM to selectively forget its previous memory (ct−1). The input gate (it) controls the LSTM to consider the current input. The input modulation gate (mt) modulates the information of the input gate (it). The output gate (ot) controls the memory cell (ct) to transfer to the hidden state (ht). The LSTM network, a recurrent neural network consisting of LSTM cells, is capable of learning the fluctuation pattern in long-term time series and then making predictions.
Training LSTM Using SITS
In this study, the SITS described in Section 2.1 were used to train the LSTM networks. Each one-dimensional GEMI time series corresponding to a pixel of the stacked images in the time axis was used to train one LSTM network independently at a time. A sliding time window-based method advised in [35] is used to obtain a number of samples for training LSTM from a single historical SITS. For a time series (x 1 , x 2 , . . . , x n ) with n time steps, assuming the size of the time window is l (l < n), the first sample is input subsequence (x 1 , x 2 , . . . , x l ) for output x l+1 . The time window slides one time step ahead at a time to generate one training sample. The subsequence (x t−l , . . . , x t−2 , x t−1 ) in the time window corresponds to the output x t one time step ahead. Thus, n − l + 1 samples can be obtained for training the LSTM network. For the LSTM hidden layers in this study, a dropout layer with a dropout rate of 0.5 was added to prevent over-fitting [36] . In addition, the mean square error (MSE) loss function and the root mean square propagation (RMSprop) optimiser [37] were used for LSTM training.
Prediction Based on Trained LSTM
Depending on the training method described in the previous section, LSTM can only predict data one step at a time. With an l-step sliding time window, the output y t+1 would be predicted using the input sequence (x t−l+1 , . . . , x t−1 , x t ).
A strategy to implement prediction of n steps is performed iteratively using the predictive outputs of the previous steps to compose the input sequence to the next step. Therefore, the output y t+n would be predicted using the input sequence (x t+n−l , . . . , x t , y t+1 , . . . , y t+n−1 ).
The method of one-step prediction and the method of multistep prediction are both implemented and compared in this study.
Online Disturbance Detection
If a disturbance does occur, its impact on the ground will be manifested by the corresponding changes in SITS. Therefore, compared to the predicted data that contains a regular fluctuation pattern, an anomaly would have a significant deviation from the real data. In this study, we set a threshold on the deviation between the predicted data and the real data to detect possible anomalies.
The detected anomalies may be false alarms caused by noise. To reduce false alarms, an alternative strategy is to use newly acquired data to verify the detected anomalies. The impact of disturbances on Earth usually lasts for a long time (months or years). Thus, detecting continuous deviations greater than the threshold between the predicted data and the newly acquired data can confirm that the disturbances did indeed occur. The cost of decreasing false alarms is to reduce timeliness.
Results
In this section, we implement the framework presented in Section 2.2 on the data of the case study to test the effectiveness of our method. Firstly, we use a sample GEMI time series to demonstrate the process of our method (Section 3.1). Then we generate the spatial result (Section 3.2) by applying the method to the SITS pixel by pixel in the stacked images described in Section 2.1.
Forest Fire Detection in SITS
An example GEMI time series affected by the forest fire was used to illustrate the process of detection. For demonstrating the process more clearly, we employed a composite time series instead of a single-pixel SITS. A 10 × 10 pixel window was set in the burned area firstly. From the window, 100 time series affected by the forest fire, corresponding to 100 pixels, were obtained. By calculating the average values of the 100 time series at each time step, a mean-value time series was generated. The composite time series, shown in Figure 5 Figure 5 ) was used for training the LSTM network. The real GEMI time series in 2009 (red series in Figure 5 ) was used to detect the forest fire. As a vegetation index, GEMI has a significant seasonal variation pattern in one year. Sufficiently learning this seasonal pattern is necessary for making accurate predictions based on the LSTM. For the sliding time window-based training, the size of the time window should cover one cycle of seasonal variation. In this case, 16-day composed data has 23 time steps in one year. Therefore, a sliding time window with a size of 23 time steps was used to train the LSTM. As described in Section 2.2.3, the LSTM predicts data one time step ahead in general, and a strategy with self-iteration can make multistep prediction. In this study, we tested one-step prediction and multistep prediction at the same time. The performance of these two methods was compared. The predictions made by LSTM using the 2001-2008 time series ( Figure 5 ) are shown in Figure 6 . The red series is the one-step prediction. The yellow series is the 23-step prediction using the method described in Section 3.1.3. The blue series is the real data. The results of the two prediction methods were similar. Along with more time steps, the result of prediction for one step ahead was adjusted by the real data and became closer to the real data. However, in this case the real data contains anomalies caused by the forest fire. The anomalies affect the result of the prediction one step ahead to make the wave peak appear earlier. Therefore, the result of prediction for 23 steps ahead reflects more of the seasonal fluctuation pattern without the impact of anomaly data. As a vegetation index, GEMI has a significant seasonal variation pattern in one year. Sufficiently learning this seasonal pattern is necessary for making accurate predictions based on the LSTM. For the sliding time window-based training, the size of the time window should cover one cycle of seasonal variation. In this case, 16-day composed data has 23 time steps in one year. Therefore, a sliding time window with a size of 23 time steps was used to train the LSTM. As described in Section 2.2.3, the LSTM predicts data one time step ahead in general, and a strategy with self-iteration can make multistep prediction. In this study, we tested one-step prediction and multistep prediction at the same time. The performance of these two methods was compared. The predictions made by LSTM using the 2001-2008 time series ( Figure 5 ) are shown in Figure 6 . The red series is the one-step prediction. The yellow series is the 23-step prediction using the method described in Section 2.2.3. The blue series is the real data. The results of the two prediction methods were similar. Along with more time steps, the result of prediction for one step ahead was adjusted by the real data and became closer to the real data. However, in this case the real data contains anomalies caused by the forest fire. The anomalies affect the result of the prediction one step ahead to make the wave peak appear earlier. Therefore, the result of prediction for 23 steps ahead reflects more of the seasonal fluctuation pattern without the impact of anomaly data.
Disturbances in forests (for example, forest fires, insects, and deforestations) always resulted in a decline in the vegetation index. Thus, the abrupt decreasing of GEMI in the time series is useful for disturbance detection. If the observation GEMI is lower than the predicted GEMI by a threshold, a disturbance alarm would be detected. With the strong influence of the forest fire, the threshold was set as 0.1, which is about 1.5 times the mean absolute error of the trained LSTM network in this study. Figure 7 shows the detection result in the example GEMI time series. As the deviations greater than the threshold start at the ninth time step both in Figure 7a ,b, the two prediction methods detected a disturbance at the ninth time step. This disturbance could be further verified by more observation data.
the same time. The performance of these two methods was compared. The predictions made by LSTM using the 2001-2008 time series ( Figure 5 ) are shown in Figure 6 . The red series is the one-step prediction. The yellow series is the 23-step prediction using the method described in Section 3.1.3. The blue series is the real data. The results of the two prediction methods were similar. Along with more time steps, the result of prediction for one step ahead was adjusted by the real data and became closer to the real data. However, in this case the real data contains anomalies caused by the forest fire. The anomalies affect the result of the prediction one step ahead to make the wave peak appear earlier. Therefore, the result of prediction for 23 steps ahead reflects more of the seasonal fluctuation pattern without the impact of anomaly data. Disturbances in forests (for example, forest fires, insects, and deforestations) always resulted in a decline in the vegetation index. Thus, the abrupt decreasing of GEMI in the time series is useful for disturbance detection. If the observation GEMI is lower than the predicted GEMI by a threshold, a disturbance alarm would be detected. With the strong influence of the forest fire, the threshold was set as 0.1, which is about 1.5 times the mean absolute error of the trained LSTM network in this study. Figure 7 shows the detection result in the example GEMI time series. As the deviations greater than the threshold start at the ninth time step both in Figure 7a ,b, the two prediction methods detected a disturbance at the ninth time step. This disturbance could be further verified by more observation data. This detected disturbance was further verified with ancillary data. The forest fire in the study area started on 27 April 2009. This date corresponds to the period of the eighth step (from 23 April to 8 May). However, the occurrence of the forest fire was detected at the ninth step of 2009 (from 9 May to 24 May). The time of the occurrence of the fire determined based on the detection results was one time step (16 days) behind the actual start time of the forest fire. The MOD13Q1 data were synthesised from the maximum value of the vegetation index and the fire occurred at the late stage of the time period covered by the eighth step data. Thus, the data at the eighth step were probably synthesised from the data before the fire occurred. As a result, the detected disturbance time lagged behind the actual disturbance time. Therefore, the temporal accuracy of this disturbance detection method is limited by the synthesis methods used to generate the time series and the temporal resolution of the original data.
Spatial Application
The process described in Section 3.1 was applied to the MODIS data described in Section 2.1 pixel by pixel. A map of the detected burned area was obtained.
The ground truth data indicating the exact spatial extent of this fire were not available. A single Landsat TM image was used to identify the spatial extent of the forest fire for validating the detection This detected disturbance was further verified with ancillary data. The forest fire in the study area started on 27 April 2009. This date corresponds to the period of the eighth step (from 23 April to 8 May). However, the occurrence of the forest fire was detected at the ninth step of 2009 (from 9 May to 24 May). The time of the occurrence of the fire determined based on the detection results was one time step (16 days) behind the actual start time of the forest fire. The MOD13Q1 data were synthesised from the maximum value of the vegetation index and the fire occurred at the late stage of the time period covered by the eighth step data. Thus, the data at the eighth step were probably synthesised from the data before the fire occurred. As a result, the detected disturbance time lagged behind the actual disturbance time. Therefore, the temporal accuracy of this disturbance detection method is limited by the synthesis methods used to generate the time series and the temporal resolution of the original data.
The ground truth data indicating the exact spatial extent of this fire were not available. A single Landsat TM image was used to identify the spatial extent of the forest fire for validating the detection result. The Landsat TM image was shot on 23 May 2009. Using visual interpretation, a burned area map with low omission error was generated by choosing the pixels with a burn area index (BAI) [38] less than 1.15. The commission errors were then reduced by manual modification with visual interpretation. A total of 769.95 km 2 of burned area was identified in the validation image.
The burned area detected by our method and the validation image were vectorised, respectively. The vectorised maps were then overlaid and compared. The comparison maps are shown in Figure 8a ,b. The red areas signify the correct detection results (true burned areas). The yellow areas signify the areas that were detected by the algorithm proposed in this study but were not detected by the semi-automatic interpretation method (falsely-detected burned areas). The orange areas signify the areas that were detected by the validation image, but which were not detected by the algorithm based on LSTM (omitted burned areas).
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Another detection map was generated by LSTM prediction for 23 steps ahead. This method detected a burned area of 860.88 km 2 . Compared with the visual interpretation image, the correct detection area was 550.21 km 2 . The result showed an overall accuracy of 85.9%, a burned area detection accuracy of 71.5% with commission error of 36.1%. The comparison is shown in Figure 8b .
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The detection method based on BFAST detected a burned area of 827.38 km 2 . Compared with the validation image, the result had a correct detection rate of 70.5% with 542.60 km 2 of the correct detection area, a false detection rate of 34.4%, and a total detection accuracy of 86.3%.
Discussion
In addition to the errors originating from the methods, there are also errors that resulted from the visual misinterpretation of the TM image, the much coarser resolution of the MODIS data and the registration errors. For online detection, a relatively high false alarm rate is acceptable. These results detected on LSTM show that a serious disturbance occurred and can generate a strong alert. Assessments with higher precision can be further carried out by post-processing with more observation data.
Comparing the two detection methods based on the LSTM, the evaluation indicates that multistep prediction is better than one time step prediction using LSTM for disturbance detection. This is because the one-step prediction is constantly affected by the observation data. Conversely, the multistep prediction reflects more of the fluctuation pattern learned from the historical data, which is conducive to discovering anomalies.
The detection based on the multistep prediction using LSTM has a similar accuracy with the powerful detection method based on BFAST. The correct detection rate of the method based on LSTM is a litter higher, while the method based on BFAST has a higher total detection accuracy with a lower false detection rate. The disturbance detection strategy of BFAST is monitoring structural change [12] . By using more observation data, structural change detection is beneficial to decreasing false alarms. However, in this study, the rapid recovering of the vegetation reduces structural changes caused by the forest fire in the GEMI time series. The correct detection of BFAST is also affected by structural change detection.
The online disturbance detection based on BFAST performs effectively in this case. Using trigonometric functions to fit the seasonal component, BFAST is powerful for detecting disturbances under the influence of seasonal changes, but is limited to areas with vegetation cover [12] . For the SITS without obvious seasonal patterns, such as the observations of water, the effect of BFAST is not good enough. Our method based on LSTM has potential for more extensive applications. Since LSTM is also capable of learning and predicting time series without seasonal patterns [22] . Figure 9 shows the real data and predictions of a time series with water in 2009. The blue series is the real data. The pattern of the real data is difficult to fit with trigonometric functions. Therefore, the prediction based on BFAST is unsatisfactory (red series). The yellow series is the prediction based on LSTM, and has a similar pattern with the real data.
Considering some problems for disturbance detection in SITS and exploiting other powerful abilities of LSTM, further work can be discussed in detail.
(1) An assumption for our proposed method is that the historical data is free of disturbances. This assumption limits the applications of the method. The disturbances occurred during the period of training time series affect the training of the LSTM networks and reduced the accuracy of the prediction further. BFAST has strategies for selecting the training time series without disturbances and detecting multiple disturbances in a time series. Combining the strategies contributes to improving the detection capability and accuracy of the algorithm based on LSTM.
(2) We used the MOD13Q1 data in this study because the data could provide time series of equal time intervals with less invalid data. As the vegetation recovered rapidly after the forest fire in this case, using a max vegetation index in 16 days increases the difficulty of detection. Using different data with different spatial resolutions (such as 30 m of Landsat images) and different temporal resolutions (such as one day of MODIS data), LSTM can be applied more broadly. However, a problem is data contamination. Cloud and noise are common in remote sensing images. Missing data in SITS is generated by excluding cloud and noise. It is difficult to obtain SITS without missing data from high spatial or temporal resolution images. Many algorithms fail to analyse time series with missing data. LSTM can learn from training time series with missing data. Thus, our method has the potential to be extended to detect disturbances using unequal time interval SITS. Such an extension is useful for disturbance detection from data with higher spatial resolutions and higher temporal resolutions.
(3) Our method in this study used only temporal information in SITS. The accuracy of disturbance detection in a single time series is easily affected by random noise. Remote sensing images contain abundant spatial information. Combining spatial information is beneficial to improve the stability of detection. A strategy to combine spatial information is using adjacent pixels to construct the multidimensional time series. LSTM has the ability of learning and predicting high-dimensional data. Further work can focus on using multidimensional SITS for disturbance detection.
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Conclusions
In this paper, we introduced an approach that applies the LSTM neural networks to online disturbance detection in SITS. The method employed the LSTM technique to predict new data from the historical time series. We compared the real observation data with the predicted results for disturbance detection. Using forest fire detection as an example, the validation results indicated the effectiveness of the proposed approach. The prediction based on LSTM for multiple steps had better performance compared to the one-step prediction, and is thus recommended.
Due to the adaptability and robustness of LSTM, this method can be extended to support the analysis of different types of time series. According to the specific objectives, this method can also be customised for remote sensing data of different spatial or temporal resolutions.
